Proposal of Re-Specification of Neuronal Properties During Development
======================================================================

We propose that certain types of neurons can undergo a temporal re-specification of function over the lifespan. Specifically, we suggest that the population of cortical subplate (SP) neurons does so although it is not known whether individual neurons in that cohort of cells change their function or if the surviving SP cells represent a sub-population that has different functions at different stages of the life cycle. Although we propose a long term type of multi-tasking over the lifespan, there may be other types of neuronal multi-tasking operating over shorter time scales. For example, within minutes, as information is being processed, neuromodulators and recent bouts of activity could unmask emergent functional properties such as regulation of gene expression leading to differential functions of individual neurons within the neuronal circuit within which the cell is embedded. Recording of electrical activity from large populations of interacting neurons will be required while following individual neurons\' activity profiles for extended periods with tetrode arrays (Schmitzer-Torbert et al., [@B59]) to directly test these ideas. Current technology can apply *in vivo* optical monitoring of the dynamics of the structure of dendrites, spines and axons although this approach is generally limited to superficial cortical layers (Kerr et al., [@B33]). New advances in imaging technology will be required for similar tracking of deep cells such as SP neurons during development. It will also be of interest to evaluate whether changes in neuronal function occur over the course of aging. For example, the neocortex shrinks during normal aging due primarily to atrophy of cells and the neuropile (vs. neuronal loss -- Freeman et al., [@B19]). Future studies of individual cellular and neuronal network function during aging may reveal other examples of serial neuronal multi-tasking.

Differential expression of genes plays a major role in neuronal development and functional differentiation not only from early embryonic stages (Hevner, [@B28]; Mallamaci and Stoykova, [@B43]; Mehler and Mattick, [@B52]; Taniura et al., [@B63]; Webster et al., [@B72]; Zimmermann, [@B76]) but also into senescence (Burger et al., [@B7]; Chu et al., [@B9]; Liu et al., [@B39]). These changes can be programmed to occur at defined stages or can be triggered by local signals, by environmental inputs or in a neuronal activity-regulated manner. Such temporally modulated regulation of gene expression can play a role in target recognition and path-finding, synaptogenesis, refinement of synaptic connections (Waites et al., [@B71]) as well as in cell death (Jansen et al., [@B29]; Lindsten et al., [@B38]). In addition, other influences such as sensory or motor activity, cognition, stress, infectious agents and traumatic events can alter gene expression patterns in the brain throughout life (Alfonso et al., [@B1]; Licino et al., [@B37]; McClung and Nestler, [@B48]).

However, after differentiation to a particular phenotype, little change is thought to occur in each neuron\'s fundamental properties such as their anatomical projections, location, position, chemical neurotransmitter, and the functions of the cell within the framework of the particular network where it resides. For example, a glutamatergic cortico-thalamic neuron that projects from layer 6 of the primary visual cortex to the dorsal lateral geniculate nucleus may alter composition and properties of its ion channels and neurotransmitter receptor subunits over the course of development but remain essentially the same cell "type" -- an excitatory feedback visual relay pyramidal neuron processing visual information with particular receptive field properties that innervates the LGN and cortical layer 4.

Early Role of Subplate Neurons in Cortical Development
======================================================

Pleiotropy (the ability of a single gene to influence multiple phenotypic traits) is well established (Fraser and Marcotte, [@B18]). Neurons can express pleiotropic genes or respond to pleiotropic gene products at different times throughout an organism's life, potentially increasing information processing ability longitudinally and responding to stimuli and stressors (de Magalhães and Sandberg, [@B15]; Louvi et al., [@B40]; Nelson et al., [@B54]; Russo et al., [@B56]). Like genes, whole neurons could increase their information processing contribution combinatorially by serving different functions over the course of the lifespan -- a pleiotropy of cellular function in the temporal domain. The neurons of the cortical SP are one candidate population of cells that may behave in this manner. The SP cells emerge from the ventricular zone under the cerebral cortex, migrating below the marginal zone to the cortical preplate (Stewart and Pearlman, [@B61]) that is then split by the differentiating neurons of the cortical plate -- some neurons taking up residence in the marginal zone and others settling below the cortical plate in the SP (König et al., [@B35]; Luskin and Shatz, [@B41],[@B42]; Marin-Padilla, [@B44], [@B45]). The cortical plate neurons form most of the cortical layers (layers 2--6) while the marginal zone neurons become layer 1 and the SP neurons become interstitial cell of the cortical white matter as well as clustering at the bottom of the cortical plate just below layer 6 (layer 6b -- DeDiego et al., [@B14]; Marin-Padilla and Marin-Padilla, [@B46]; Valverde et al., [@B69]; Woo et al., [@B74]). These SP cells are among the first cortical neurons to differentiate into a neuronal phenotype; they express microtubule associated protein-2 and neuropeptides before the cortical plate neurons (Arias et al., [@B4]; Clancy et al., [@B13]; Finney et al., [@B17]; Luskin and Shatz, [@B42]), they receive synaptic inputs and generate action potentials through embryonic development (Hanganu et al., [@B26]; Kanold, [@B31]; Kanold et al., [@B32]). These cells also serve as pioneers issuing axons into the internal capsule where they serve an important role by innervating the thalamus and providing a scaffold for the innervation of the cortex by the thalamocortical axons (Allendoerfer and Shatz, [@B3]; Friauf et al., [@B20]; Ghosh et al., [@B25]; Herrmann et al., [@B27]; Kanold et al., [@B32]; McConnell et al., [@B49]). The SP neurons are also transiently innervated by the in growing thalamocortical axons before the eventual thalamocortical target neurons within cortical layer 4 settle in their ultimate positions in the cortical plate to receive their innervation. Layer 4 neurons receive innervation by both SP neurons and thalamic axons during this period (Kanold, [@B31]; Kanold et al., [@B32]) followed by removal of inputs from the SP cells through a competitive process (Friauf et al., [@B20]; Kanold et al., [@B32]). If the SP cells are lesioned, the thalamic axons fail to innervate their correct target areas (Chun and Shatz, [@B11]; McConnell et al., [@B49], [@B50]) and cortical columnar organization does not develop normally (Kanold et al., [@B32]). Thus, these neurons contribute to establishing functional cortical architecture during development. After performing those functions, most of these cells die (Al-Ghoul and Miller, [@B2]; Chun and Shatz, [@B11]; Wood et al., [@B75]).

Surviving Subplate Neurons
==========================

The SP neurons appear to play an important but fleeting role in orchestrating early cortical development. However, although most of these cells die soon after the innervation of the cortical plate by thalamic axons and the retraction of the SP neurons\' axons that innervate layer 4, many of them (10--20%) survive (Chun and Shatz, [@B11]; Torres-Reveron and Friedlander, [@B66]). These cells remain throughout development into adulthood as a compressed band along the bottom of layer 6 (cortical layer 6b or cortical layer 7 or subgriseal cells -- Valverde et al., [@B69]; Vandevelde et al., [@B70]; Reep and Goodwin, [@B55]; Clancy and Caullier, [@B12]) and as dispersed interstitial neurons scattered in the white matter. It is a matter of considerable interest to know the fate of this group of surviving cells -- are they quiescent, do they serve a role in guidance in the postnatal brain as they did prenatally or do they take on an entirely new function? If they change their function and/or connectivity, this suggests a form of temporal pleiotropy for these cells. As these SP cells are greatly reduced in number during development, it is possible that they serve no major functional role after this period. However, this seems unlikely and there are other examples of numerically small neuronal types that contribute in important ways through processes such as numerical expansion of target innervation by axonal and synaptic divergence (retinogeniculocortical Y-cells -- Friedlander and Martin, [@B21]; Friedlander et al., [@B22]); strategically positioned or particularly strong synaptic outputs (climbing fibers -- Shinoda et al., [@B60]); or potent neuromodulatory outputs (Landgraf and Neumann, [@B36]; Rygh et al., [@B57]). Thus, the fact that many of these cells are lost during development should not exclude the possibility that the remaining population of these cells, although relatively small in sheer number may play some additional important role in cortical information processing. In order to evaluate such a hypothesis, it is necessary to directly evaluate the anatomical and electrophysiological properties of this reduced cohort after their initial role in cortical development and after the elimination of the majority of cells have occurred.

Figure [1](#F1){ref-type="fig"} illustrates an example of a surviving white matter neuron located below the primary visual cortex of a postnatal day 20 rat that has been patched in a brain slice preparation with a biocytin filled micropipette and subsequently processed for biocytin and stained with cresyl violet.

![**Photomicrograph of biocytin filled white matter neuron in slice preparation from rat visual cortex**. Patch pipette and recording arrangement are schematized. Tissue was counter-stained with cresyl violet after biocytin processing. Scale bar = 50 μm.](fnana-03-015-g001){#F1}

Note that the cell\'s dendrites are oriented along the white matter below layer 6. An example of a surviving SP neuron located along the bottom of layer 6 that was also patched in a brain slice preparation and filled with biocytin is shown in Figure [2](#F2){ref-type="fig"}. The inset illustrates that the cell responds to a sustained direct depolarizing input with a non-decrementing train of action potentials similar to cortical interneurons.

![**Photomicrograph of biocytin filled subplate neuron in the subplate (SP) area at the bottom of layer 6, also from rat visual cortex acute brain slice preparation**. Some of the cell\'s dendrites can be seen extending into layer 6. The inset shows an electrophysiological response of the cell recorded under current clamp with whole cell patch recording in response to a sustained depolarization, producing a non-decrementing train of action potentials.](fnana-03-015-g002){#F2}

Morphology and Nitric Oxide Synthase
====================================

SP cells have been shown to be particularly susceptible to or play a role in the pathogenesis of disorders including early neonatal hypoxic-ischemic injury (McQuillen et al., [@B51]), trisomies (Cheng et al., [@B8]), microcephaly (Takano et al., [@B62]) and seizures (Kadam and Dudek, [@B30]). Although their potential role in such diseases has been studied, there are few studies of the functional properties of the surviving SP neuronal population in the normal brain likely due to their sparseness and location, making such studies difficult. These surviving cells express markers typical of neurons including MAP-2 and NeuN (Clancy et al., [@B13]; Torres-Reveron and Friedlander, [@B66]) and many express the synthetic enzyme for the production of nitric oxide (NO), nitric oxide synthase (NOS) that can be visualized as NADPH diaphorase (NADPHd) activity. This is illustrated in Figure [3](#F3){ref-type="fig"} where white matter neurons from human (Figures [3](#F3){ref-type="fig"}A,B) and rat brain (Figures [3](#F3){ref-type="fig"}C,D) that are positive for NADPHd are shown in tissue from young and mature brains. Human cortical tissue was obtained from resections from patients for treatment of epilepsy at the University of Alabama at Birmingham Hospital under an IRB protocol for utilization of waste tissue for histological processing and electrophysiology.

![**NOS positive neurons in WM and SP**. **(A,B)** Photomicrographs of white matter and subplate area in visual cortex from tissue obtained from human brain (after tissue resection for epilepsy surgery) from a young (3 years of age) and an older (40 years of age) subject and **(C,D)** from adult rat (42 days postnatal) visual cortex where tissue has been processed for NADPH diaphorase histochemistry. All photomicrographs are oriented with the cortical surface to the right. The human tissue shows numerous white matter neurons that are NADPHd positive in the white matter and considerable staining of processes, as well. The rat tissue sections illustrate a standard Nissl stain **(C)** where the subplate neurons can be visualized as a compressed layer at the bottom of layer 6 and the white matter is seen below. The section in **(D)** (an adjacent section) has been processed for NADPHd histochemistry -- several NADPHd positive neurons can be seen in the white matter and in the subplate subgriseal area at the bottom of layer 6. Scale bar = 50 μm and applies to all four panels.](fnana-03-015-g003){#F3}

Note that not only the somata and dendrites are positive for NADPHd but that there is also considerable staining of fine processes and varicosities, suggesting the possibility that these cells may provide a diffusible signal (NO) in the white matter that could play a role in plasticity and/or pathogenesis (Garthwaite, [@B23]).

Retrogradely transported tracers applied to the surface of the cortex (layer 1) backfill surviving WM and SP neurons\' somata, indicating that their axons reach the cortical surface (Clancy and Caullier, [@B12]). This projection as well as the presence of boutons on their axons in other cortical layers have been demonstrated for individual surviving white matter and SP neurons where their axonal arborizations are visualized by intracellular single cell filling (Clancy et al., [@B13]). An example of a SP neuron whose axon projects upward through the visual cortical layers is illustrated in Figure [4](#F4){ref-type="fig"}. Although SP and WM cells are not numerous, their axonal arborizations can be expansive, covering span up to a millimeter of cortex in the medio-lateral axis (Clancy et al., [@B13]). These neurons also issue axon collaterals within the white matter and deep layer 6, providing the neuroanatomical substrate for them to play a role in a local functional neuronal network.

![**Line drawing of a rat subplate neuron that has been filled with biocytin in a brain slice experiment**. The cell\'s dendrites cluster around the soma at the base of layer 6 but its axon extends vertically into the cortical plate.](fnana-03-015-g004){#F4}

Functional Properties, Connectivity and Neuromodulatory Phenotypes
==================================================================

Surviving SP neurons generate action potentials; they receive both excitatory and inhibitory synaptic inputs; and they respond to sustained membrane depolarization with minimal spike frequency adaptation (Torres-Reveron and Friedlander, [@B66]). Thus, these cells retain a neuronal phenotype, they receive synaptic inputs from other neurons and they innervate the various cortical layers. We have also recently found (Torres-Reveron and Friedlander, [@B65]) that these cells provide glutamatergic excitatory synaptic inputs to neurons in cortical layer 6. An example is illustrated (Figure [5](#F5){ref-type="fig"}A) as recordings from a pair of synaptically connected SP -- layer 6 cells recorded in dual whole cell patch clamp mode. In this case, a SP neuron at the bottom of layer 6 was patched and individual spikes were elicited every 10 s while several putative postsynaptic neurons in layer 5 and layer 6 were also patched and tested for the presence of evoked unitary postsynaptic responses. The layer 6 neuron responded with small unitary EPSPs (EPSPs evoked from a single action potential in a single presynaptic neuron) that can be seen in individual trails and as an averaged response in Figure [5](#F5){ref-type="fig"}B. Thus, surviving SP neurons not only are positioned to receive inputs from either axon collaterals of supra- or infragranular cortical projection neurons, from cortical afferents and from each other but some of them also provide excitatory synaptic input to the overlying cortical plate neurons. Interestingly, GABAergic white matter neurons with projection axons have been identified in primates (Tomioka and Rockland, [@B64]) and we have seen a subset of GABAergic WM and SP neurons in rat using immunohistochemistry, although we have yet to record from an identified surviving presynaptic GABAergic neuron. In addition to having fast glutamatergic excitatory synaptic output, these cells also stain positively for various neuromodulators including substance P, CCK, somatostatin and NOS. Sections that have been immuno-stained for these various substances are illustrated in Figure [6](#F6){ref-type="fig"}. The diversity of secreted chemical that these surviving cells contain together with their capacity to maintain protracted non-decrementing trains of action potentials in response to a sustained depolarizing drive may afford these surviving neurons the capacity to provide strong neuromodulatory effects to cells in the overlying cortex.

![**Functional synaptic connections between SP and layer 6 neurons**. **(A)** Photomicrograph of the brain slice preparation where three cells were patched, recorded and tested for synaptic interactions. The lower cell located in the subgriseal area (SG) of the subplate at the bottom of layer 6 functionally innervated the layer 6 neuron above it (but not the layer 5 neuron above that). **(B)** The functional synaptic connection was ascertained through dual whole cell patch clamp electrophysiological recording where a single action potential was evoked every 10 s in the subplate neuron (trace second from bottom) while the evoked unitary synaptic responses were recorded under current clamp conditions from the layer 6 cell (10 individual trials shown in top traces). Note that on some trials, there was no detectable response (an apparent transmission failure) while in most trials, a small depolarizing postsynaptic response was evoked. The resting membrane potential of the layer 6 neuron was −70 mV.](fnana-03-015-g005){#F5}

![**WM and SP neuron immuno-positivity for four neuromodulatory compounds**. Four sections of rat visual cortex (postnatal day 12--14) that were immuno-stained for various neuromodulators. **(A)** anti-GABA; **(B)** anti-NPY; **(C)** anti-neuronal (type 1) nitric oxide synthase (NOS); **(D)** anti-cholycystekinin (CCK). The dotted lines indicate the lower boundary of the subplate and the beginning of the white matter proper.](fnana-03-015-g006){#F6}

Potential Role for SP Neurons for Information Processing in the Mature Cortex
=============================================================================

That these cells remain as neurons but also have the capacity to play different roles at different stages of development is suggested by several factors. These include the persistence of intrinsic electrophysiological and synaptic properties, survival of the glutamatergic phenotype, receipt of excitatory and inhibitory synaptic inputs from other sources after the loss of their thalamocortical inputs and the re-arrangement of their axonal outputs from transiently innervating layer 4 to innervating all cortical layers. Much of the information about the properties of these surviving cells must, by necessity be obtained from *in vitro* brain slice preparations so there is little known about their properties within the circuitry of the intact brain. While their basic electrophysiological properties can be studied in the brain slice preparation, features such as how they process sensory information or identifying the sources of their synaptic inputs from distant sites are difficult to determine *in vivo* since the cells are sparse (WM interstitial cells) or compressed in a thin sheet (the SP cells at the bottom of layer 6 or subgriseal cells). Thus, although we now know somewhat more about the intrinsic and local synaptic properties of these cells in the postnatal brain, there precise function within the mature cortical network must remain somewhat speculative.

The surviving group of SP neurons may function as a sort of cortical gatekeeper, modulating information flow into and out of modules of overlying cortex to other cortical sites. Neurons of the nucleus reticularis thalami (NRT) proximal to thalamic nuclei carry out a similar function as a scattered cohort of GABAergic neurons that are embedded within the internal capsule and receive collateral excitatory innervation from thalamocortical axons as well as from cortico-thalamic axons and provide connectivity to each other within the NRT (Bokor et al., [@B6]; Gentet and Ulrich, [@B24]). They innervate thalamic neurons in inhibitory feedback projection from the thalamus and provide an inhibitory feed-forward projection from layer 6 of the cortex, as well. The NRT cells can modify the information processing state and the relay of information from the sensory periphery to the cortex by modulating membrane potential (Kim and McCormick, [@B34]; Ulrich and Huguenard, [@B67]). The cohort of surviving white matter and SP neurons may perform a related function in the cortex.

The dendritic arborizations of the WM and SP neurons within cortical layer 6 position them strategically to receive synaptic input that is otherwise destined for layer 4 from collaterals of thalamocortical axons that also arborize in layer 6 (Binzegger et al., [@B5]; Douglas and Martin, [@B16]; Molinari et al., [@B53]). In addition, they could also receive synaptic input from cortical layer 2 and 3 cells\' axons that send axon collaterals to layer 6 (Douglas and Martin, [@B16]; Martin, [@B47]) and even into the white matter so that these neurons could also receive a copy of information that has been processed within the cortical columnar structure and is being relayed to other cortical areas. Although their somata are located within the white matter, many of the interstitial white matter neurons also have dendrites located in layer 6 where they are also positioned to potentially receive similar synaptic inputs. A difference between these neurons and the NRT cells is that most of the surviving SP and many white matter neurons are glutamatergic vs. GABAergic. However, it is interesting to note that a substantial fraction of the SP neurons are GABAergic, although we apparently have only recorded from the glutamatergic ones in our paired recordings since in all cases, the postsynaptic response was excitatory. It is not clear why our recordings should select only the glutamatergic neurons in the SP but because our results are so far limited to that sub-population, the multi-tasking behavior of these cells might be limited to certain subsets. The excitatory synaptic output of the SP and WM neurons to the cortical layers above could provide either feed-forward (for the thalamocortical inputs) and/or feedback (for the cortical efferents) information. Since the surviving SP neurons are mostly excitatory and they innervate neighboring SP cells in addition to the overlying cortical neurons, they could act as an amplification network for important signals through activating of a local network of neighboring like-type cells as well as a subset of postsynaptic targets in the overlying cortex. Recurrent excitation in such an arrangement could however, create network instability or seizures (Scharfman, [@B58]; Winokur et al., [@B73]) but depending on the types of cells that are targeted (e.g. glutamatergic excitatory vs. GABAergic inhibitory neurons), the properties of such a circuit may allow for selective amplification and contrast enhancement through feedback inhibition. The neuromodulatory chemicals in the SP and WM neurons such as NOS (Clancy et al., [@B13]) and various neuropeptides such as substance P (Chun and Shatz, [@B11]; Chun et al., [@B10]; Uylings and Delalle, [@B68]) further enhance the potential of these cells\' output functions through signal gating or selective amplification that could be useful for attention, sensory learning by enhancing signal to noise ratios or changing activation thresholds and synaptic integration properties of neurons within the cortical network.

Summary
=======

There still remain considerable issues to be resolved regarding the role of these intriguing SP neurons within the mature neocortex. For example, how do the surviving cells avoid elimination during development? Which cells provide the synaptic inputs to these neurons? What are the functional properties of these neurons *in vivo*? What role do the many neuromodulators released by these cells play in information processing? Do these surviving white matter and SP neurons retain the capacity to re-enable early developmental processes in the adult cortex after injury or disease? The answers to many of these questions must await experiments where these cells are studied in the adult brain *in vivo* with selective targeting techniques. However, it is clear that SP neurons perform important functions in the cortex during early development and that a substantial number of these cells organizes into a different functional network in the postnatal brain that could contribute to cortical function in other ways. Whether such longitudinal pleiotropy of neuronal phenotype applies throughout the lifespan to the aging brain and/or to other neuronal populations remains to be evaluated. If so, this would dramatically enhance the capacity of neuronal networks throughout the lifespan.
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